Introduction
Despite the first organolithium compounds being reported almost 100 years ago, 1 they are without doubt, still one of the most widely utilised classes of reagents in modern synthetic chemistry. This is primarily due to their versatility and their ease of use. The metallation reaction (i.e., transforming a relatively inert C-H bond to a more reactive, more useful C-Metal bond) is fundamental to many synthetic procedures and is commonly achieved by reacting an organic substrate with an organolithium reagent. The resultant organometallic compound can then be electrophilically quenched, to furnish new organic molecules. 2 However, lithium organometallics often promote side reactions as a result of their high polarity/reactivity (including reacting with solvents such as THF and diethylether) and they often require cryogenic temperatures to encourage selectivity. Alternative methods have been established using magnesium reagents, which generally offer a better functional group tolerance; however, their drawbacks include they generally have low solubility in common solvents and due to their sluggish reactivity there is often a need for an excess of the base to be used to give adequate yields. 3 As energy efficiency is becoming a key driver in modern synthesis, 4 it is important to develop protocols where chemistry can be performed at temperatures close to ambient. Over the past couple of decades, a new category of bimetallic alkali metal magnesiates, which often exhibit reactivities that cannot be replicated by the monometallic agents on their own, has been investigated. 5 In many cases, they can be used under mild reaction conditions and can display unusual deprotonation regioselectivities. 6 Magnesiates have recently received a high degree of attention from the synthetic chemist in a large part due to the work of Knochel. 7 His group has discovered that simply adding one equivalent of lithium chloride to a conventional Grignard or Hauser (amidomagnesium halide) reagent can have a marked difference in selectivity and reactivity. These lithium magnesiate reagents have been coined as 'turbo Grignard' [with general formulae RMgCl·LiCl and (NR 2 )MgCl·LiCl respectively]. The alkyl magnesiate RMgCl·LiCl is a useful reagent for inducing halogenmagnesium exchange in unactivated functionalised aryl and heteroaryl bromides in high yields, working at non-cryogenic temperatures with good group tolerance. 10 The amido contain- 
When the chiral auxiliary ligand (R,R)-TMCDA [(R,R)-N,N,N′,N′-tetramethylcyclohexane-1,2-diamine] was added to an equimolar mixture of n-butyllithium and di-n-butylmagnesium in hexane, a white suspension was produced which on gently heating it dissolves in the reaction medium. Storage at −35°C for 36 hours deposited dimeric crystalline 3,
, can be synthesised by the equimolar reaction of lithium-n-butoxide (synthesised in situ by reacting n-butyllithium with n-butanol) with an equimolar quantity of di-n-butylmagnesium and TMEDA (N,N,N′,N′-tetramethylethylenediamine) (33%). The synthesis of the homoleptic n-butyllithium magnesiate stabilised by TMEDA produced crystalline material (4) in 59%. Disappointingly, and despite repeated attempts at the analysis, the crystals degraded before the data collection was completed (at 123 K dissolved in hexane and the Lewis base was added in stoichiometric and substoichiometric amounts, and also in excess; however, no crystalline material was obtained. Next, it was decided to focus on the bidentate donor 1,4-dioxane by adding one molar equivalent of the cyclic ether to an equimolar mixture of n-butyllithium and di-n-butylmagnesium in benzene. Precipitation of a white solid suggested the formation of a new adduct. Toluene was added to the resultant white solid, which redissolved the complex on strong heating. Cooling the solution slowly to ambient temperature afforded a crop of colourless needles of polymeric [(dioxane)·LiMg n Bu 3 ] ∞ , 6 (47%).
X-ray crystallography
The TMPDA-solvated lithium magnesiate 1 crystallises in the space group Pbca (Fig. 1 ). 1 was found to be a dimer with the classical 'Weiss-type' motif (Scheme 1) in which six butyl anions bridge the four metals (two Li and two Mg atoms), giving rise to three four-membered rings (i.e., two Li-C-Mg-C rings and one Mg-C-Mg-C ring). The former rings are fused to the latter at different Mg atoms. Each Mg atom is bound solely to (four) C atoms, and each Li atom binds to two C atoms and their coordination sphere is completed with the ancillary ligand forming a six-membered Li-N-C-C-C-N ring. The Li-C distances range from 2.348(4) to 2.303(4) Å and the Mg-C distances from 2.205 (6) n-Butyl's less sterically demanding nature in comparison to methyl(trimethylsilyl) presumably results in two key differences between the structures. While the lithium magnesiate containing methyl(trimethylsilyl) groups was found to be a monomer, compound 2 can be described as an 'open dimeric' motif, in which the lithium and magnesium atoms are bridged by only one butyl group so the angle Li-C20-Mg1 is more open than in the closed structures, which contain Li-C-Mg-C four-membered rings. This angle is also affected by the nature of the anionic group, being 83.31°in the n-butyllithium magnesiate dimer and 149.4°for Hevia's monomer. 24 Complex 2 resembles the dimer obtained by Weiss and co-workers when they employed the alkynyl ligand with TMEDA, although the structure found by them is Fig. 1 Molecular structure of 1. Ellipsoids are displayed at 30% probability and all hydrogen atoms are omitted for clarity. Selected bond lengths (Å) and angles (°): Li1-N1, 2.092(4); Li-N2, 2.085(4); Li-C8, 2.348(4); Li1-C12, 2.303(4); Mg1-C8, 2.205(6); Mg1-C12, 2.225(2); Mg1-C16 2.298(2); N1-Li1-N2, 99.8(2); N1-Li1-C8, 106.9(2); N1-Li1-C12, 120.4(2); N2-Li1-C8, 107.4(2); N2-Li1-C12, 117.1(2); C8-Li1-C12, 104.5 (1) (Fig. 3) . (R,R)-TMCDA solvates the triorganomagnesiate leading to a contacted ion pair dimer where the atoms in molecule are not related by any symmetry operations. Several alkali-metal magnesium amide complex stabilised by chiral donors 33c,38 [namely (−)-sparteine and (R,R)-TMCDA] have been characterised, but to the best of our knowledge, this is the first example of a crystallographically elucidated chiral tris-(alkyl)lithium magnesiate. When TMEDA was employed, crystals of 4 could be isolated; however, they could not be analysed by X-ray crystallography, even when low temperatures were employed (123 K). The crystals were found to degrade in the X-ray beam, presumably due to them undergoing a phase change. Although no solid-state structural data for 4 could be obtained, a hydrocarbon solution of the complex was studied by NMR spectroscopy (vida infra). In one of the attempts to analyse 4, data was successfully collected and the structure was found to be
It is a heteroleptic dimer that contains both n-butyl and n-butoxide groups. In light of this serendipitous discovery, a rational synthetic procedure for the complex was employed (vida supra) involving the co-complexation of lithium-n-butoxide and din-butylmagnesium. (Fig. 4) . Each unit is composed of a four-membered (C-Mg-O-Li) ring. Lithium is linked to magnesium via one butyl and one butoxide group and it completes its coordination sphere coordinating to TMEDA in order to have tetrahedral (sum of angles 657.44°) coordination. Magnesium ions are linked to two butyl groups (one bridge and one terminal). A very close precedent can be found in the sodium (or potassium) magnesium alkoxides crystallographically characterised by Mulvey 40 (Fig. 5) . The core of these examples and 5 is a O-Mg-O-Mg ring and the alkali metal is bonded to one oxygen atom and one molecule of TMEDA. While the tetrahedrally-disposed lithium atom is bridged to magnesium by one n-butyl chain in 5, sodium and potassium atoms are penta-coordinated as they bond to two butyl groups to form a closed structure. Since 1998, this motif has been known as an inverse crown compound. 27c, 41 All the n-butyl anions are bridging in the inverse crown molecules whereas two of these groups adopt terminal binding positions in 5. The difference in the steric nature of t-butoxide versus n-butyl may be an explanation for this structural variation; however, it seems more likely that it is due to an alkali metal effect as it could be envisaged that bulkier alkoxide groups (albeit not at the α-position of the ligand) would more likely generate open structures. The cyclic ether 1,4-dioxane has been previously used to solvate different lithium 'ate' complexes. 24, 42 When one equivalent is added to the unsolvated LiMg( n Bu) 3 , it was possible to crystallise polymeric 6, which crystallises in space group C2/c (Fig. 6 ). Lithium magnesiate 6 comprises dimeric [(dioxane) 2 -LiMg n Bu 3 ] 2 units where two dioxane molecules bridge with lithium acting as a bridge between different dimers undergoing a three-dimensional polymeric structure. Unfortunately, a large amount of unresolved disorder adversely affects the precision of the n-butyl groups, dioxane and benzene molecules ( present as crystallisation solvent in the unit cell) and therefore precludes discussion of any geometrical parameters, although its connectivity is unequivocal.
NMR spectroscopic studies
Complementing their solid-state characterization, lithium magnesiates 1-6 have also been examined using multinuclear ( 1 H, 7 Li and 13 C) NMR spectroscopy. In order to maintain the 7 Li NMR resonances, the resonance for n-butyllithium is shifted upfield from 2.40 ppm to 1.01 ppm when it is co-complexed with the 'low polarity' di-nbutylmagnesium ( Table 1 ). The further shift of this resonance after the addition of the donor also highlights that the Lewis base remains coordinated to the lithium in solution. Tridentate ligand PMDETA causes the most shielded resonance, appearing at 0.77 ppm for 2. Although the structure parameters for 1-6 show the presence of at least two chemically distinct n-butyl chains, the NMR spectroscopic studies at 300 K show only one set of signals for the alkyl groups in hydrocarbon solution is present. This fact suggests that rapid exchange of the alkyl positions occurs in solution, causing the signals for the n-butyl chains to become equivalent. In all cases (see ESI ‡ for full details) the resonance for the CH 2 -M resonance is broad. As a case study, we choose to probe further a D 8 -toluene solution of 2 using a variable-temperature experiment in an attempt to decipher the three different n-butyl groups (one terminal, one bridging Li and Mg centres, and one bridging two Mg atoms) which exist in the solid state structure (N.B., cyc-C 6 D 12 is solid below 268 K).The temperature was lowered to 240 K and 1 H NMR spectroscopic measurements were obtained every 10 K (Fig. 7) . At the lowest temperature, the CH 2 -M resonance decoalesces into two signals of an approximate integration of 1 : 2, not the three resonances that we expected. This seems to point to two possible scenarios. Firstly, in arene, the dimer stays intact but the terminal n-butyl group now adopts a bridging position (or is in rapid exchange between bridging and terminal with respect to the NMR timescale); or secondly, the dimer dissociates to a monomer in D 8 -
toluene and the resonances therefore correspond to two bridging and one terminal butyl chain (Scheme 3). In order to find out whether 2 retains its dimeric structure in solution, we performed 1 H NMR diffusion-ordered nuclear magnetic resonance spectroscopy ( 1 H-DOSY) to gain insight into its aggregation in D 8 -toluene. DOSY measurements are useful to estimate molecular weights of species in solution, 43 as species with higher molecular weight diffuse slower that those with lower molecular weight. A relationship can be established between coefficient diffusion and molecular weight, which are inversely proportional. In our study we chose 1,2,3,4-tetraphenylnaphthalene (TPhN), 1-phenylnaphthalene (PhN), and tetramethylsilane (TMS) as internal standards, as they exhibit good solubility in toluene with minimal overlapping of signals and are inert to magnesiates. The 1 H-DOSY NMR spectrum of a mixture of 2 with these standards in D 8 -toluene at 300 K showed only one set of signals for the lithium magnesiate confirming that there is only one species in solution and PMDETA remains attached to the lithium magnesiate in arene solvent (Fig. 8) 
Conclusions
A systematic study of a series of n-butyllithium magnesiates in solid state and solution has been performed by employing neutral bidentate, tridentate and chiral Lewis bases. It is possible to rationally synthesise homoleptic dimers which adopt the 'Weiss motif' in solid state. Solution studies have shown that the Lewis bases remain attached to the lithium magnesi- ate species in aliphatic and arene solvents; however, there is evidence that the aggregation state can be lowered, even in the presence of potentially π-donating arene molecules. In future studies, we will look to utilise these compounds in organic transformations and compare the results with the previously published data.
Experimental
General methods n-Hexane and toluene were distilled from sodium/benzophenone, tion, before NMR analysis. Data for X-ray crystal structure determinations were measured with Oxford Diffraction Xcalibur and Gemini A diffractometers using graphite monochromated radiation. All structures were refined using all unique reflections and against F 2 to convergence using SHELXL-97. 45 Disordered butyl groups in 1, 2 and 6 were modelled over two sites with appropriate restraints and constraints applied. High degrees of motion were also observed for the dioxane and benzene solvents present in structure 6. The sample used for structure 3 was twinned by a 180°rotation about 001. The raw data was processed to give an hklf 5 formatted reflection file. Refinement with this data gave a much improved model, but still required restraints to be added to the displacement parameters of atoms Li2, N3, N4, C36 and C41. Selected parameters are reported in Table 1 of ESI ‡ and full details are available in cif format, see CCDC 1046063 to CCDC 1046067 contain the supplementary crystallographic data for this paper. Elemental analyses were attempted, but due to the extreme air sensitivity of the complexes variable results were obtained.
n BuLi (0.25 mL, 4 mmol of 1.6 M solution in hexanes) was dissolved in 15 mL of dried hexane in an oven-dried Schlenk. 4 mmol of n Bu 2 Mg (4 mL of 1 M solution in heptanes) were added, turning the solution to slightly cloudy. After stirring for 30 minutes, 4 mmol of TMPDA (0.68 mL) were added. Gently heating gave a colourless solution. All volatiles were removed under vacuum and 10 mL of pentane were added. The solution was transferred to a freezer (−80°C) affording colourless crystals after 24 hours. (0.89 g, 67%). n BuLi (2.5 mL, 4 mmol of 1.6 M solution in hexanes) was dissolved in 15 mL of dried hexane in an oven-dried Schlenk. 4 mmol of n Bu 2 Mg (4 mL of 1 M solution in heptanes) were added and solution turned slightly cloudy. After stirring for 30 minutes, 4 mmol of (R,R)-TMCDA (0.76 mL) were added. The mixture was gently heated to yield a transparent colourless solution. The solution was transferred to a freezer operating at −30°C, affording colourless crystals after 24 hours. (1.22 g, 82%) . 1 
